The long-term measurements of Multi-Filter Rotating Shadowband Radiometers and other instruments at two Atmospheric Radiation Measurements Climate Research Facility sites of Manus and Nauru have been processed to develop the climatology of cloud properties in the tropical warm pool region. Due to their unique geolocations and associated large-scale circulation patterns, cloud properties at these two sites exhibit distinctive characteristics. At the Nauru site, cloud properties are statistically significantly correlated with Pacific Decadal Oscillation index; the monthly anomaly values of cloud fraction, overcast cloud occurrence and optical depth decrease with Southern Oscillation Index (SOI). At the Manus site, monthly anomaly values of cloud fraction, overcast cloud occurrence and optical depth, to some extent, are bifurcately correlated with SOI, depending on the phase of El Niño/Southern Oscillation. The correlation of SOI and the MFRSR retrieved cloud optical properties can be explained by the drifting of tropical convection center in the equatorial area.
Introduction
Clouds play an important role in determining the earth's climate, by influencing atmospheric energy balance and hydrological cycle [1] . The Atmospheric Radiation Measurements (ARM) program deployed suites of instruments in some special regions around the globe to measure cloud properties and radiation under different climate regimes. The measurements from those sites provide critical information to understand the earth's climate and to evaluate climate models. In particular, climatology of the radiative properties of clouds is crucial to understand climate forcing mechanisms and quantify the response of the climate system. The tropical warm pool (TWP) region, which has the largest body of warm water on the planet, is characterized by strong solar heating, high ocean temperatures, and frequent deep convection. It plays a vital role in the atmospheric general circulation and many large-scale atmospheric phenomena, such as the El Niño/Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), Madden-Julian Oscillation (MJO), Indian Monsoon, Inter-Tropical Convergence Zone (ITCZ), and South Pacific Convergence Zone (SPCZ). Due to its special importance, the ARM established three Climate Research Facility (ACRF) sites in the region, i.e., Manus, Nauru, and Darwin sites. The Manus site (2.061S, 147.431E) was established on Manus Island (Papua New Guinea) in 1996, located in the center of the TWP region. The Nauru site (0.521S, 166.921E) was established on Nauru Island (Nauru) in 1998, located in the east edge of the TWP region. The Darwin site (12.431S, 130.891E) was established close to Darwin (Australia) in 2002, located in the south edge of the TWP region. With the establishment of those ACRF sites, the capability of ground-based measurements of cloud properties in the region is substantially enhanced. In this study, we only focus on the two oceanic sites of Manus and Nauru. At these two sites, the observations of satellites and ground-based instruments have been used to study the maritime cloud properties, island effects, and the associated other atmospheric properties [2] [3] [4] [5] [6] [7] [8] [9] [10] . For examples, at the Manus site, the seasonal variability in clouds and radiation was analyzed by Mather [3] . At the Nauru site, the clouds and shortwave fluxes were analyzed in detail by McFarlane and Evans [4, 5] , and the Nauru island effects were elaborated and quantified by McFarlane et al. [6] and Long et al. [7] , respectively. Combining the observations over different TWP ACRF sites, Mather et al. analyzed the cloud properties and associated heating rates in the TWP region [8] ; Mather et al. elaborated the climatology of surface cloud radiative effects at the TWP ACRF sites [9] . In recent years, the cloud properties derived from in-situ measurements and satellite measurements in the TWP region have been used to validate and improve the climate model simulations [11] [12] [13] .
It is notable that the ground-based measurements of cloud properties used in the climate studies at these sites are mainly from active instruments like radars and lidars. Those active sensors have relatively shorter durations of deployment than the passive broadband and spectral radiometers. Particularly, the spectral irradiance measurements of the Multi-Filter Rotating Shadowband Radiometer (MFRSR) have been operational at the ACRF Manus and Nauru sites since 1996 and 1998, respectively. More importantly, since MFRSRs can be self-calibrated through Langley regressions, they provide high quality and continuous measurements of spectral solar radiation and accurate retrievals of aerosol and cloud optical properties. We have analyzed the climatology of aerosol properties derived from MFRSR measurements at these ACRF TWP sites [14] . In this study, we derive the cloud fraction (CF) and cloud optical depth (COD) from MFRSR measurements together with other passive sensor measurements [15] [16] [17] [18] [19] . Finally, we analyze the decade-long cloud optical properties to establish the climatology of clouds at ACRF Manus and Nauru sites and investigate the effects of PDO and ENSO on cloud properties.
MFRSR measurements and cloud observations
To provide concurrent observations of cloud microphysical and optical properties, a suite of collocated radiometric instruments have been deployed at the ACRF Manus and Nauru sites, including MFRSR, broadband radiometers, and Microwave Radiometer (MWR). In addition, the concurrent surface temperature, pressure, precipitation, wind speed and direction are measured by surface meteorology systems (MET or SMET), which provide information of atmospheric convection and cloud dynamics. The primary atmospheric properties measurements and their uncertainties are listed in Table 1 . Because different instruments have different temporal resolutions of measurement, we use an average of 5-minute intervals, if 60% of measurements are valid, as a basis unit for further statistical analyses. The monthly averages are calculated based on the dataset of basis samples.
The core instrument for cloud optical properties in this study is MFRSR, which allows accurate determination of atmospheric transmittances at 415, 500, 615, 673, 870, and 940 nm without requiring absolute calibration [20] . It uses the same detectors with a shadowband blocking technique to measure both total horizontal irradiance and directnormal irradiance. The calibration method of the MFRSR and the related retrieval algorithms have been discussed in detail in the previous papers of this series [14, 21] . Based on the calibrated transmittances from MFRSR measurements, associated with other sensor measurements, we can derive the following cloud optical properties: COD (from global irradiance or direct beam), cloud effective radius (Re), and cloud fraction [15] [16] [17] [18] [19] . The cloud optical depth is derived from the global irradiance of MFRSR using the algorithm developed by Min and Harrison (1996) , which is fit for the retrievals of overcast cloud. Together with cloud liquid water path (LWP) from MWR, as outlined in Min and Harrison (1996) , the COD and cloud Re are simultaneously retrieved. The surface inferred cloud optical properties from a MFRSR were validated against in-situ measurements during the second ARM Enhanced Shortwave Experiment (ARESE II) field campaign at the ARM South Great Plains (SGP) site, and the retrieval uncertainties of COD and Re are about 1.5% and 5%, respectively [16] . For optically thin clouds, COD can be retrieved by the direct beam irradiances from MFRSR measurements directly [17] . To minimize the interference of gaseous absorption, the retrieval algorithm selects the 415 and 860-nm channels, and separates aerosols from thin clouds based on their temporal and spectral characteristics. A simple polynomial fitting technique is developed to effectively correct errors due to forward scattering radiance by cloud particles into the instrument's Field of View (FOV). It provides accurate retrievals of optical depth for optically thin clouds (optical depth o5). An uncertainty analysis of thin cloud retrievals has been conducted and shows that it produces retrievals that are better than 5% or 0.05 when cloud optical depth is less than 1 [17] . Further, thin cloud retrievals have been used to validate satellite [18] . Meanwhile, the diffuse transmittance ratio at selected wavelengths (415 nm and 870 nm) is used to derive cloud fraction (CF), with an uncertainty of about 10% [19] .
To indicate the temporal variation of cloud macrophysical, optical, and dynamic properties, we focus our statistical analyses on three kinds of cloud properties: cloud fraction, overcast cloud optical depth, and overcast cloud occurrence (i.e., the ratio of overcast cloud samples to total samples in a given time period). In this study, overcast cloud is defined by the following criteria: (1) the CF is greater than or equal to 0.90 over 20-min averaging period; (2) sun direct beam is always attenuated or blocked by the cloud during this period. Under overcast clouds conditions, the plane-parallel assumption that underpins the cloud optical thickness algorithms is most closely satisfied [15] . The overcast clouds are often generated by the mesoscale or large-scale convective systems, which are impacted by the climate variabilities. This will help us to understand the effects of climate variability on the cloud optical properties at ACRF Manus and Nauru sites. In this study, if overcast clouds are optically thin clouds, we use the COD from direct beam irradiance as the final COD. As stated previously, CODs of optically thin clouds and overcast clouds are derived from MFRSR measured direct beam and global irradiance, respectively. It is difficult to distinguish cloud water phase from MFRSR measurements alone, except for some optically thin clouds as outlined by Wang and Min [22] . Since the cloud optical depth is the dominant factor in determining radiation, the cloud particle size and shape (phase) play a secondary role on radiation. Therefore, to simplify the retrieval procedure, we use Wang and Min's method to do cloud retrievals for optically thin clouds, and use the liquid cloud phase function to do cloud retrievals for optically heavy clouds. This may introduce some errors for retrieved COD if a cloud is an ice cloud or a mixed-phase cloud. Due to the limitation of the observation methods, this retrieval error is still hard to accurate evaluate now. For the cloud retrievals for the mixed-phase heavy clouds, further studies are still needed in the future. Nonetheless, the COD based on the assumption of liquid water cloud provides a useful assessment of "effective" cloud optical depth in the atmosphere.
Due to the intrinsic connections of the three phases of water in the atmosphere, water vapor path (WVP) and liquid water path (LWP) from MWR provide key aspects of cloud related properties, with uncertainties of 0.06 cm and 20-30 g/m 2 , respectively [23] . In this study, we used the bestestimate values of WVP and LWP from Microwave Radiometer Retrievals (MWRRET) value added products [24] , which have better quality and only include the valid observation for nonrain periods.
Interannual variation of cloud optical properties
Clouds are formed through the delicate balance of processes related to three phases of water in the atmosphere. Microphysical processes related to aerosols also play a key role in cloud formation. Although the distribution of clouds can be significantly influenced by local circulation, the large-scale dynamics interacts with regional and local circulation, resulting in characteristics of local clouds. To establish cloud climatology at ACRF Manus and Nauru sites, therefore, we investigate long-term variation of clouds and associated key large-scale climate indices, WVP, LWP, and precipitation.
Long term trends and PDO impacts
Interannual variations of cloud properties and associated atmospheric properties exhibit different characteristics at ACRF Manus and Nauru sites, shown in Fig. 1 . Because these two sites are located on the islands in the equatorial oceanic area, the climate over there show no significant seasonal characteristics. Cloud related atmospheric properties, such as WVP, LWP, precipitation, CF, overcast cloud occurrence, and overcast cloud optical depth, at these two sites have no significant seasonal cycles. However, as previously stated, both of these sites are located in the TWP region, which are impacted by many large-scale climate variabilities, e.g., PDO, ENSO, and MJO. Therefore, although no significant seasonal cycles are observed at these two sites, the cloud related atmospheric properties over there still show some kinds of long term variations.
The PDO is a long-lived El Niño-like pattern of Pacific climate variability. In the 20th century, the PDO events often persist for 20-30 years. The climatic fingerprints of the PDO are most visible in the North Pacific/North American area, and the secondary ones are in the tropics. To analyze the impacts of PDO events, we introduce the PDO index here, which is defined as the leading principal component of North Pacific monthly sea surface temperature variability (http://jisao.washington.edu/pdo/PDO.lat est). As the Nauru site located at the western edge of the tropical Pacific region that defines the PDO, cloud related properties at the site are statistically significantly correlated with PDO index. Specifically, as shown in Fig. 2 , the monthly anomaly values of WVP, LWP, rain, CF, overcast cloud occurrence, and overcast cloud optical depth increase with PDO index at the site. This means that the climate at the Nauru site is substantially impacted by the PDO events. Compared to the Nauru site, the correlation coefficients between clouds related properties and PDO index at the Manus site are statistically insignificant (not shown here). This can be explained by the difference of positions between these two sites. Compared to the Nauru site that located in the west edge of the TWP region, the Manus site is located in the center of the TWP region, which always close to the strong convection center in the tropics. The other large-scale climate variabilities such as ENSO, Indian Monsoon, SPCZ, and IPCZ, separately or together show much stronger impacts at the Manus site. As shown in Fig. 3a , different phases of ENSO are marked by different color: the red for the El Niño periods (SOIr À 0.2), the blue for the La Niña periods (SOIZ0.2), and the green for the neutral periods (À 0.2oSOIo0.2). ENSO directly affects large-scale circulation and consequently the climate of the TWP region. Changes in circulation and precipitation associated with ENSO strongly impact the climatology of aerosols at the three ACRF sites in the TWP region, as discussed in detail by Yin and Min [14] .
There are several significant El Niño periods (i.e., 1997-1998, 2002, 2004, and 2009-2010) and La Niña periods (i.e., 1999-2001, 2006, 2007-2008, and 2010-2011) . Those ENSO events significantly impact cloud properties at both Manus and Nauru sites. Specifically, as shown in Fig. 3b and c, the tropical convection center (TCC) or rain band is drifting in the equatorial area between the Tropical Warm Pool Maritime Continent (TWP-MC) and the middle Pacific Ocean, and the direction depends on the phase of ENSO events. Because both Manus and Nauru sites are located in this drifting path, marked as dashed and solid lines, respectively, ENSO events directly impact the cloud properties there. During El Niño periods, the sea surface temperature (SST) in the middle and west Pacific Ocean warms up significantly, and the TCC moves eastward toward the middle or west Pacific Ocean. The eastward displacement distance increases with the absolute value of SOI. Generally, the WVP, LWP, COD, precipitation, and cloud fraction/occurrence respond to the warm sea surface temperature and increase significantly at the Nauru site (Fig. 1) , as the TCC moves toward or passes over the island. In the meantime, cloud related properties slightly decrease at the Manus site as the TCC moves away from the site. However, during extreme El Niño periods (such as 1997-1998, with SOIr À 2.0), the TCC moves to the mid-west Pacific Ocean, substantially away from both Manus and Nauru. The cloud amount and precipitation at these two sites decreases significantly (data are not available at the Nauru site). During La Niña periods, the TCC is located in the TWP-MC region and tends to move westward, resulting in a decrease in cloud amount and precipitation at the Nauru site. If the absolute value of SOI is small, the TCC stays in or is very close to the Manus site, bringing abundant clouds and precipitation there. However, when a strong La Niña event occurs, the TCC moves to the far west of the Manus site, resulting in a decrease in the cloud amount and precipitation.
As shown in Fig. 4 , the monthly anomaly values of CF, overcast cloud occurrence, and overcast cloud optical depth at the Nauru site decrease with SOI. The correlation coefficients of À 0.66, À 0.74, and À0.66 with slopes of À 0.09, À 0.12, and À4.05, respectively, are statistically significant. In contrast to the Nauru site, the monthly anomaly values of CF, overcast cloud occurrence, and overcast cloud optical depth at the Manus site are, to some extent, bifurcately correlated with SOI, depending on the phase of ENSO events. As discussed previously, the swing of cloud and precipitation is a direct result of Manus being at in the heart of the TWP-MC, where the TCC is located during the neutral phase of ENSO.
Impacts of other climate variability
Due to the unique geolocations of Manus and Nauru sites, besides PDO and ENSO, the atmosphere above these two sites are also impacted by the MJO events. MJO is the largest element of the intraseasonal variability in the tropical atmosphere with periods of 40-70 days [25, 26] . It consists of large-scale coupled patterns in atmospheric circulation and tropical deep convection, propagating eastward slowly (5 m s À 1 ) through the atmosphere above the warm portions of the Indian and Pacific oceans. The MJO event manifests itself in various ways, most clearly as anomalous cloud amount and rainfall. Wang et al. [27] found significant impacts of MJO on both observed cloud radiative forcing and fractional sky cover at the Manus site. Yin and Min [14] also found out that the meteorological changes associated with MJO events have significant impacts on aerosols and precipitation in the TWP region, through strengthening atmospheric convection. We look for the MJO impacts on cloud fraction at both Manus and Nauru sites. To minimize the impacts of strong ENSO events, we choose the daily mean values of retrieved MFRSR CF from 2003 through 2006, during which SOIs are small and vary within a narrow range. To investigate the MJO's impacts on cloud properties at these two sites, we analyze the power spectra of CF using Fast Fourier [14] . It suggests that not a single physical mode of ocean variability, but rather the totality of several processes with different dynamics, impacts cloud properties at these two sites.
Summary
Clouds play a dominant role in the energy and water cycles of the atmospheric system. Observed climatology of cloud properties is critically important for climate model evaluation and constraints. We used the collocated radiometric instruments, MFRSR and MWR, and other instruments, at ACRF Nauru and Manus sites to develop the climatology of cloud properties in TWP region. The key cloud properties are radiative parameters of cloud optical depth, macrophysical parameters of cloud fraction, cloud liquid water content, and cloud related water vapor and precipitation. We analyzed the decade-long cloud optical properties to establish the climatology of clouds at interannual scales. We also tried to link the climatology of cloud properties with large-scale circulation.
Due to their unique geo-locations and association with large-scale circulation patterns, cloud properties and associated atmospheric properties exhibit distinctive characteristics at ACRF Nauru and Manus sites. The cloud properties at these two sites have no significantly seasonal cycles but with some influences of PDO. At the Nauru site, cloud related properties are statistically significantly correlated with PDO index, and the monthly anomaly values of CF, overcast cloud occurrence, and overcast cloud optical depth decrease with SOI. At the Manus site, there are apparent increasing trends from 1998 to 2007 and decreasing trends after 2007 in cloudiness, and precipitation, which are consistent with the trend in PDO index. However, the correlation is insignificant between cloud related properties and PDO index at the site. More interestingly, the monthly anomaly values of CF, overcast cloud occurrence, and overcast cloud optical depth at the Manus site are, to some extent, bifurcately correlated with SOI, depending on the phase of ENSO. At the two oceanic sites, the meteorological changes associated with MJO events, through strengthening atmospheric convection, modulate aerosols, clouds, and precipitation. Clearly, there is no single physical mode of ocean variability that dominantly links to observed cloud properties at the two sites. Rather the totality of several large-scale dynamical processes of PDO, ENSO, and MJO in concert impacts the long-term cloud properties at interannual and seasonal scales.
